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Abstract 

A search is presented for narrow diboson resonances decaying to WW or WZ in the final 
state where one W boson decays leptonically (to an electron or a muon plus a neutrino) and 
the other WjZ boson decays hadronically. The analysis is performed using an integrated 
luminosity of 20.3 fb“* of pp collisions at = 8 TeV collected by the ATLAS detector at 
the LHC. No evidence for resonant diboson production is observed, and resonance masses 
below 760 GeV and 1490 GeV are excluded at 95% confidence level for the spin-2 Randall- 
Sundrum bulk graviton G* with coupling constant of 1.0 and the extended gauge model W 
boson respectively. 
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1 Introduction 


Several new physics scenarios beyond the Standard Model (SM), such as technicolour [1-3], warped 
extra dimensions [4-6], and grand unified theories [7], predict new particles that predominantly decay 
to a pair of on-shell gauge bosons. In this paper, a search for such particles in the form of WWjWZ 
resonances where one W boson decays leptonically (W —> £v with £ = e,fi) and the other W/Z boson 
decays hadronically (W/Z ^ qq'jqq, with q,q' = u,c,d, sorb) is presented. This search makes use 
of jet-substructure techniques for highly boosted W/Z bosons decaying hadronically and is optimized to 
significantly improve the sensitivity to high mass resonances compared to previous searches. 

Two benchmark signal models are used to optimize the analysis strategy and interpret the search results. 
A spin-2 Kaluza-Klein (KK) graviton (G*) is used to model a narrow resonance decaying to a WW final 
sfafe. The KK gravifon inferprefafion is based on an extended Randall-Sundrum model of a warped 
exfra dimension (RSI) [8] where fhe SM fields can propagafe info fhe bulk of fhe exfra dimension. This 
exfended “bulk” RS model, referred fo as bulk RS hereafler, avoids consfrainfs on fhe original RS1 model 
from limifs on flavour-changing neufral currenfs and elecfroweak precision fesfs, and has a dimensionless 
coupling consfanf k/Mpi ~ 1, where k is fhe curvafure of fhe warped extra dimension and Mpi = Mpi/ 
is the reduced Planck mass. A spin-1 gauge boson (W') of the Sequential Standard Model with modified 
coupling fo WZ, also referred fo as fhe exfended gauge model (EGM) [7], is used fo model a narrow 
resonance fhaf decays fo a WZ final sfafe. The EGM infroduces W and Z' bosons wifh SM couplings 
fo fermions and wifh fhe coupling sfrengfh of fhe heavy W fo WZ modified by a mixing facfor ^ = 
c X (mvr/mvp')^ relative fo fhe SM couplings, where mw and mvp' are fhe pole masses of fhe W and W 
bosons respectively, and c is a coupling scaling factor. In Ibis scenario fhe parfial widfh of fhe W boson 
scales linearly wifh mw, leading fo a narrow resonance over fhe accessible mass range. The widfh of fhe 
W' resonance af 1 TeV is approximately 35 GeV. 

Searches for fhese particles in several decay channels have been performed af fhe Tevafron and fhe Earge 
Hadron Collider (EHC) and are reporfed elsewhere [9-13]. Previous resulfs from fhe ATEAS experimenf 
in fhe €{qq channel excluded EGM W bosons wifh masses up fo 1.59 TeV for WZ final slates and RSI 
gravitons wifh k/Mpi = 1 and masses up to 740 GeV for ZZ final slates [13]. The CMS experimenf 
sel limifs on fhe produclion cross sections of bulk RS gravitons as well as excluded RS 1 gravitons wifh 
kjMpi = 0.1 for masses up fo 1.2 TeV and W bosons for masses up fo 1.7 TeV [9]. 

This analysis is based on pp collision dafa af a cenfre-of-mass energy ^[s = % TeV corresponding fo an 
inlegraled luminosity of 20.3 fb“* collecled by fhe ATEAS experimenf af fhe EHC. 


2 The ATLAS detector 


The ATEAS detector [14] is a general-purpose parlicle deleclor used fo invesligale a broad range of 
physics processes. If includes inner fracking devices surrounded by a superconducling solenoid, eleclro- 
magnefic and hadronic calorimefers and a muon specfromefer wifh a toroidal magnefic field. The inner 
deleclor (ID) provides precision fracking of charged parlicles wifh pseudorapidify \q\ < 2.5.' The calor- 


* ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point (IP) in the centre of the detector 
and the z-axis along the beam pipe. The z-axis points from the IP to the centre of the LHC ring, and the (/-axis points 
upward. Cylindrical coordinates (r, 0) are used in the transverse plane, (p being the azimuthal angle around the beam pipe. 
The pseudorapidity is defined in terms of the polar angle 0 as ?/ = - In tan(0/2). 
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imeter system covers the pseudorapidity range \t]\ < 4.9. It is composed of sampling calorimeters with 
either liquid argon (LAr) or scintillator tiles as the active media. The muon spectrometer (MS) provides 
muon identification and measurement for \q\ < 2.7. The ATLAS detector has a three-level trigger system 
to select events for offline analysis. 


3 Monte Carlo samples 

Simulated event samples are used to define fhe evenf selecfion and opfimize fhe analysis. Benchmark 
signal samples are generafed for a range of resonance masses from 300 fo 2500 GeV in sfeps of 100 GeV. 
The bulk RS G* signal evenfs are generated wifh CalcHEP [15], using k/Mpi = 1.0, interfaced fo Py- 
thiaS [16] fo model fragmenfalion and hadronizafion, and fhe EGM W signal is generafed using PythiaS 
wifh c - The facforizafion and renormalizafion scales are sef fo fhe generafed resonance mass. The 
CTEQ6E1 [17] and MSTW2008EO [18] parfon disfribufion functions (PDEs) are used for fhe G* and 
W signal samples respecfively. The W cross secfion is normalized fo a nexf-lo-nexf-lo-leading-order 
(NNEO) calculation in as from ZWprod [19]. 

Simulated even! samples are used fo model fhe shape and normalization of mosf SM background pro¬ 
cesses. The main background sources in fhe analysis arise from W bosons produced in association 
wifh jefs (VT-i-jels), followed by fop-quark and mulfijef production, wifh smaller confribufions from dibo¬ 
sons and Z-i-jefs. Production of W and Z bosons in association wifh up fo five jefs is simulated us¬ 
ing Sherpa 1.4.1 [20] wifh fhe CTIO PDEs [21], where b- and c-quarks are freafed as massive particles. 
Samples generated wifh MC@NEO [22] and inlerfaced fo Herwig [23] for hadronizafion and fo Jimmy [24] 
for fhe underlying evenf are used for tt production as well as for single fop-quark production in fhe s- 
channel and fhe Wt process. The tt cross secfion is normalized fo fhe calculafion af NNEO in QCD 
including resummation of next-to-next-to-leading logarithmic soft gluon terms with Top-i-i-2.0 [25-31]. 
Single top-quark production in the t-channel is simulated with AcerMC [32] interfaced to Pythia6 [33]. 
Diboson samples {WW, WZ and ZZ) are generated with Herwig and Jimmy. 

The effect of multiple pp interactions in the same and neighbouring bunch crossings (pile-up) is included 
by overlaying minimum-bias events simulated with Pythia8 on each generated signal and background 
event. The number of overlaid events is such that the distribution of the average number of interactions 
per pp bunch crossing in the simulation matches that observed in the data (on average 21 interactions per 
bunch crossing). The generated samples are processed through the GEANxT-based detector simulation [34, 
35] or a fast simulation using a parameterization of the performance of the calorimeters and Geant4 for 
the other parts of the detector [36], and the standard ATEAS reconstruction software used for collision 
data. 


4 Event selection 

Events are required to have a vertex with at least three associated tracks, each with transverse momentum 
Pt > 400 MeV. The primary vertex is chosen to be the reconstructed vertex with the largest track ^ p^. 

The main physics objects used in this analysis are electrons, muons, jets and missing transverse mo¬ 
mentum. Electrons are selected from clusters of energy depositions in the calorimeter that match a track 
reconstructed in the ID and satisfy “tight” identification criteria defined in Ref. [37]. The elecfrons are 
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required to have transverse momentum pj > 25 GeV and It/I < 2.47, excluding the transition region 
between the barrel and endcaps in the LAr calorimeter (1.37 < \r]\ < 1.52). Muons are reconstructed by 
combining ID and MS tracks that have consistent trajectories and curvatures [38]. The muon tracks are 
required to have px > 25 GeV and \r]\ < 2.5. In addition, leptons are required to be isolated from other 
tracks and calorimetric activity. The scalar sum of transverse momenta of tracks with px > 1 GeV within 
A/? - V(At/) 2 + (A0)2 - 0.2 around the lepton track is required to be less than 15% of the lepton px- 
Similarly, the sum of transverse energy deposits in the calorimeter within a cone of A/? = 0.2, excluding 
the transverse energy from the lepton and corrected for the expected pile-up contribution, is required to 
be less than 14% of the lepton px. In order to ensure that leptons originate from the interaction point, 
a requirement of iTfol/cr^To < 6(3.5) and |zosin0| < 0.5 mm is imposed on the electrons (muons), where 
doizo) is the transverse (longitudinal) impact parameter of the lepton with respect to the reconstructed 
primary vertex and is the uncertainty on the measured Jo¬ 
in this analysis, jets are reconstructed from three-dimensional clusters of energy depositions in the calor¬ 
imeter using two different algorithms. The jet constituents are considered massless. The low-px hadron- 
ically decaying W/Z candidates are selected by combining the two highest-px jets which are constructed 
by the anti-k( algorithm [39] with a distance parameter of 7? = 0.4. These jets are referred to as small-/? 
jets and denoted by “y” hereafter. The energy of small-/? jets is corrected for losses in passive material, 
the non-compensating response of the calorimeter, and extra energy due to multiple pp interactions [40]. 
The small-/? jets are required to have px > 30 GeV and |?/| < 2.8. For jets with px < 50 GeV, the summed 
scalar px of associated tracks from the reconstructed primary vertex is required to be at least 50% of the 
summed scalar px of all associated tracks. In the pseudorapidity range \r]\ < 2.5, jets containing hadrons 
from (r-quarks are identified using fhe MVl /r-fagging algorifhm [41] with an efficiency of 70%, deferm- 
ined from tt simulafed evenfs, and wifh a misidenfificafion rafe for selecting lighf-quark or gluon jefs of 
less fhan 1%. 

For high-px W/Z bosons, such as the ones from a resonance with mass above 1 TeV, the hadronically 
decaying W/Z candidates are identified using a single large-/? jef, referred fo as “7” hereafler. The 
Cambridge-Aachen jef clusfering algorifhm [42] wifh a disfance paramefer of /? = 1.2 is used. This 
jef algorithm offers the advantage of allowing the usage of a splitting and filtering algorithm similar to 
that described in Ref. [43] but optimized for the identification of highly boosted boson decays. To ex¬ 
ploit the characteristics of the decay of massive bosons into a light-quark pair, the splitting and filtering 
algorithm used here does not impose a mass relation between the large-/? jet and its subjets [44]. The 
momentum balance is defined as - min/pj , pj)AR\ 2 /m\ 2 , where p^^ and p!^ are fhe fransverse 
momenfa of the two leading subjets, A/?i 2 is their separation and mi 2 is their invariant mass. To suppress 
jets from gluon radiation and splitting, is required to be greater than 0.45. Furthermore, the large-/? 
jets are required to have px > 400 GeV and |?/| < 2.0. 

The missing transverse momentum (with magnitude F"™*®) is calculated as the negative of the vectorial 
sum of the transverse momenta of all electrons, muons, and jets, as well as calibrated calorimeter energy 
clusters within \t]\ < 4.9 that are not associated with any other objects [45]. 

The data used were recorded by single-electron and single-muon triggers, which are fully efficient for 
leptons with px > 25 GeV. The analysis selects events that contain exactly one reconstructed electron or 
muon matching a lepton trigger candidate, > 30 GeV and no /r-tagged small-/? jets. The transverse 
momentum of the neutrino from the leptonically decaying W boson is assumed to be equal to the missing 
transverse momentum. The momentum of the neutrino in the z-direction, p^, is obtained by imposing the 
W boson mass constraint on the lepton and neutrino system, which leads to a quadratic equation. The p^ 
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is defined as either the real component of the complex solution or the smaller in absolute value of the two 
real solutions. 

In order to maximize the sensitivity to resonances with different masses, three different optimized sets 
of selection criteria are used to classify the events according to the pj of the leptonically decaying W 
candidate (pj) and hadronically decaying W/Z candidate or pj), namely the “low-pT resolved re¬ 
gion” (LRR), “high-pT resolved region” (HRR) and “merged region” (MR), where the highly boosted 
VK/Z decay products are observed as a single merged jet in the final state. To ensure the orthogonality of 
the signal regions, events are assigned exclusively to the first region for which the criteria are fulfilled, 
applying sequentially the MR, HRR, and LRR event selection. The hadronically decaying W/Z candidate 
is formed by combining the two small-R jets with highest pj in the resolved regions and its invariant 
mass niji is required to be between 65 and 105 GeV. In the LRR (HRR), the event is required to have 
p^ > 100 (300) GeV, p!^^ > 100 (300) GeV and A0(7,L"™*®) > 1, where is the azimuthal 

angle between the leading jet and the missing transverse momentum. The HRR additionally requires the 
two leading jets to have pj > 80 GeV. In the MR, the large-R jet with the highest pj is selected as the 
hadronically decaying W/Z candidate and p^ > 400 GeV is also imposed. The jet mass of the selected 
large-R jet (nij) is required to be consistent with a W/Z boson mass (65 < mj < 105 GeV) and the azi¬ 
muthal angle between the jet and the missing transverse momentum, A0(7, is required to satisfy 

A(p{J,E^™^^) > 1. The signal acceptance times efficiency after all selection requirements increases from 
about 5% at mw - 300 GeV to a plateau of around 25% for > 500 GeV for W' WZ ivqq with 
i = e,p,T. 

5 Background estimation 

The reconstructed WW/WZ mass, Qnivj), defined as the invariant mass of the ivjj {ivJ) system, 
is used to distinguish the signal from the background. The background distributions from VT/Z-f-jets 
where W (Z) decays leptonically to {v {££) considering the three lepton flavors, tt, single top-quark and 
diboson processes are modelled using simulated events. The background shape from multijet production 
is obtained from an independent data sample that satisfies the signal selection criteria except for the 
lepton requirement: the electrons are required to satisfy a looser identification criterion (“medium” in 
Ref. [37]) but not meet the “tight” selection criteria; the selected muons are required to satisfy all the 
selection criteria after inverting the transverse impact parameter significance cut. The contribution from 
other processes is subtracted from data in the extraction of the multijet background shape. 

The background contributions from tt, single top-quark and diboson production are normalized to the 
number of background events predicted by simulation. The Pt{W) distribution in the IT-rjets simulated 
sample is corrected by comparing it to data in the LRR sidebands defined as 40 < mjj < 65 GeV or 
105 < niji < 200 GeV. The normalizations of the W/Z+jets and multijet background contributions are 
derived in a control data sample which is obtained by requiring the mass of the hadronic W/Z candidate 
to be within the mj/nijj) sidebands. They are determined from binned minimum fits to the 
distributions in the control data samples corresponding to each signal region and channel separately. 
The fitted parameters are the normalizations of these two processes. The difference of the W/Z+]&ts 
normalization from the expected background from simulation ranges between 1% and 18%. 

The multijet background templates were validated in the electron channel using samples enriched in 
multijet events, obtained by inverting the requirement. The description of the tt background in 
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simulation was validated in a sample dominated by top-pair events by requiring at least one Z?-tagged 
small-/? jet. Good agreement within uncertainties is observed between data and expectation in these 
validation regions. 


6 Systematic uncertainties 


The main systematic uncertainty on the background estimation is the uncertainty on the normalization of 
IT/Z-f-jets background obtained from the fit described above. This uncertainty is 3-4% in the LRR and 
HRR, and 13-19% in the MR. An uncertainty on the shape of the VT/Z-i-jets background is obtained in the 
LRR by comparing data and simulation in the mjj sidebands, leading to an approximately 5% uncertainty 
for nieyjj < 600 GeV. Due to the low numbers of data events in the sidebands for the HRR and MR, the 
VT-i-jets shape uncertainty in these regions is evaluated by comparing a sample of simulated events from 
Sherpa with a sample of simulated events from Alpgen [46] interfaced to Pythia6. The uncertainty in 
the shape of the tt mass distribution is estimated by comparing a sample from MC@NLO interfaced to 
Herwig with a sample from Powheg [47-49] interfaced to Pythia6. The uncertainty on the shape of the 
multijet background is evaluated by using alternative templates obtained by removing the calorimeter- 
based lepton isolation cuts. For the remaining background processes, detector-related uncertainties from 
the small-/? jet energy scale and resolution, large-/? jet energy and mass scale, lepton reconstruction and 
identification efficiencies, lepton momentum scales and resolutions, and missing transverse momentum 
were considered when evaluating possible systematic effects on the shape or normalization of the back¬ 
ground estimation and are found to have a minor impact. The large-/? jet energy and mass scale uncer¬ 
tainties are evaluated by comparing the ratio of calorimeter-based to track-based measurements in dijet 
data and simulation, and are validated by in-situ data of high-pj W production in association with jets. 

The dominant uncertainty on the signal arises from initial- and final-state radiation modelling in Pythia 
and is less than 12% (6%) for G* {W). Uncertainties due to the choice of PDFs are below 1%. 

The uncertainty on the integrated luminosity is ±2.8%. It is determined, following the same methodology 
as that detailed in Ref. [50], from a calibration of the luminosity scale derived from beam-separation scans 
performed in November 2012. 


7 Results and interpretation 

Table 1 shows the number of events predicted and observed in each signal region. The reconstructed 
ni{yjj {mtyj) distributions for data and predicted background events as well as selected benchmark signal 
models in the three signal regions are shown in Fig. 1 for the combined electron and muon channels. Good 
agreement is observed between the data and the background prediction. In the absence of a significant 
excess, the result is interpreted as 95% confidence level (CL) upper limits on the production cross section 
times branching ratio for the G* and W models. These upper limits are determined with the CLg modified 
frequentist formalism [51] with a profile-likelihood test statistic [52]. The test statistic is evaluated with 
a maximum-likelihood fit of signal models and background predictions to the reconstructed mtyjj{meyj) 
spectra. Systematic uncertainties are taken into account as nuisance parameters with Gaussian sampling 
distributions. For each source of systematic uncertainty, the correlations across bins and between different 
kinematic regions, as well as those between signal and background, are taken into account. The likelihood 
fit is performed for signal pole masses between 300 and 800 GeV for the LRR, 600-1000 GeV for the 
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Figure 1: Reconstructed mass distributions in data and the predicted backgrounds in the three kinematic regions 
referred to in the text as the low-px resolved region (top left), high-px resolved region (top right) and merged 
region (bottom). G* and W signal hypotheses of masses 400, 800 and 1200 GeV are also shown. The band denotes 
the statistical and systematic uncertainty on the background before the fit to the data. The lower panels show the 
ratio of data to the SM background estimate. 


HRR and 800-2000 GeV for the MR. Overlapping regions are fit simultaneously. Figure 2 shows 95% CL 
upper limits on the production cross section multiplied by the branching fraction into VFVF (tVZ) for the 
bulk RS G* (EGM W) as a function of the resonance pole mass. The theoretical predictions for the EGM 
W with a scale factor c = 1 and the bulk RS G* with coupling constant /t/Mpi = 1, shown in the figure, 
allow observed lower mass limits of 1490 GeV for the W and 760 GeV for the G* to be extracted. 
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Figure 2; Observed and expected 95% CL upper limits on the cross section times branching fraction as a function of 
the resonance pole mass for the G* (top) and EGM W (bottom). The LO (NNLO) theoretical cross section for the 
G* (EGM W) production is also shown. The inner and outer bands around the expected limits represent +lcr and 
±2cr variations respectively. The band around the W cross section corresponds to the NNLO theory uncertainty. 












Table 1: Event yields in signal regions for data, predicted background contributions, and G* and VT' signals. Errors 
are shown before the fit to the data. The errors on the total background and total signal correspond to the full 
statistical and systematic uncertainty, while the errors on each background component include the full systematic 
uncertainty only. The G* and W signal hypotheses correspond to resonance masses of 400, 800 and 1200 GeV for 
the ERR, HRR, and MR selections, respectively. 


Sample 

ERR 

HRR 

MR 

VP/Z - 1 -jets 

104800 ±1600 

415 ± 10 

180 ±20 

tt + single top 

37700 ±1600 

271 ±13 

42 ±7 

Multijet 

13500 ±500 

84±9 

29.3 ±2.9 

Diboson 

5500 ±270 

96 ±6 

43 ±7 

Total 

161500 ±2300 

870 ±40 

295 ± 22 

Data 

157837 

801 

323 

G* signal 

7000 ±500 

36±6 

5.5 ±2.3 

W signal 

6800 ±600 

318±21 

70 ±4 


8 Summary 

A search for WW and ITZ resonances decaying to a lepton, neutrino and jets is presented in this paper. 
The search is performed using an integrated luminosity of 20.3 fb“^ of pp collisions at = 8 TeV 
collected by the ATLAS detector at the LHC. A set of event selections for bulk RS G* and EGM W' 
boson signal is derived using simulated events and applied to the data. No evidence for resonant diboson 
production is observed and 95% CL upper limits on the production cross section times branching fraction 
of G* and W are determined. Resonance masses below 760 GeV are excluded for the spin-2 RS graviton 
G* and masses below 1490 GeV are excluded for the spin-1 EGM W boson at 95% CE. The analysis also 
sets the most stringent limits to date on the production cross section for VT'-like resonances decaying to 
WZ with masses around 2 TeV, where cr{pp —> W) x BR(1V' ^ WZ) values of 9.6 fb are excluded. The 
results represent a significant improvement over previously reported limits [11] in the same final state due 
to an increased data set size and the development of new techniques to analyse highly boosted bosons that 
decay hadronically. 
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B. A. Dolgoshein^^’*, M. Donadelli^^'^, S. Donati^^^‘*’^^^’’, P Dondero^^^‘‘’^^^'’, J. Donini^^, J. Dopke^^^, 

A. Doria**^^^, M.T. Dova^\ A.T. Doyle^^, M. Dris'*’, E. Dubreuil^^, E. Duehovni^’^, G. Duekeek^®*’, 

O. A. Dueu^^^, D. Duda^^^, A. Dudarev^^, E. Duflot*^^, E. Duguid^’, M. Diihrssen^®, M. Dunford^^^, 

H. Duran Yildiz^®, M. Diiren^^, A. Durglishvili^^’’, D. Duschinger"^"^, M. Dwuznik^^^, M. Dyndal^^^*, 

K. M. Ecker^°\ W. Edson^, N.C. Edwards^^, W. Ehrenfeld^\ T. Eifert^*^, G. Eigen^^, K. Einsweiler^^^ 

T. Ekelofi^’, M. El Kaeimi^^ec^ Ellert^^^ S. Elles^ E Ellinghaus^^ A.A. Elliot^^°, N. Ellis^®, 

J. Elmsheuser^°°, M. Elsing^°, D. Emeliyanov^^\ Y Enari^^^, O.C. Endner^^, M. Endo^^^, 

R. Engelmann^^^, J. Erdmann^^^ A. Ereditato^^, D. Eriksson^^^^*, G. Ernis'^^, J. Ernst^, M. Ernst^^, 

S. Errede*^^, E. Ertel^^, M. Escalier^^^, H. Esch^^, C. Escobar^^^, B. Esposito^^, A.I. Etienvre^^^, 

E. Etzion^^^, H. Evans^^, A. Ezhilov^^^, E. Eabbri^®^’^*”’, G. Eacini^^, R.M. Eakhrutdinov^^®, 

S. Ealeiano^^^^, R.J. Ealla^*, J. Ealtova^^^, Y Eang^^^, M. Eanti^^®’^^'’, A. Earbin^, A. Earilla^^^®, 

T. Earooque^^, S. Earrell^^, S.M. Earrington^’^, P Earthouat^^, E. Eassi^^^'^, P Passnaeht^*^, 

D. Eassouliotis^, A. Pavareto^*’^’^^'’, E. Eayard'^^, P Eederic*^^^, O.E. Eedin^^^’"*, W. Eedorko^®, 

S. Peigl^°, E. Eeligioni*^^ C Eeng^^d^ g j peng^, H. Eeng*^, A.B. Eenyuk^^o^ p Eernandez Martinez^^^, 
S. Eernandez Perez^®, S. Eerrag^^, J. Eerrando^^, A. Eerrari^^’, P Eerrari'*’^, R. Eerrari^^^^*, 

D. E. Eerreira de Eima^3^ A. Eerrer^^^, D. Eerrere^^, C. Eerretti^^, A. Eerretto Parodi^*^®’^*^’’, 

M. Piasearis^\ E Eiedler^^, A. Eilipcic^^, M. Eilipuzzi^^, E. Eilthaut^*^®, M. Eincke-Keeler*™, 

K. D. Einelli'^^, M.C.N. Eiolhais^^^^*’^^^^^, E. Eiorini*^*, A. Eiran^*’, A. Eischer^, C. Eischer^^, 

J. Eischer^^^, W.C. Eisher^°, E.A. Eitzgerald^^, M. Elechl^^, I. Eleck^^^, P. Eleischmann*^, 

S. Eleischmann^^^, G.T. Eleteher^^*^, G. Eleteher^^, T. Eliek^^^, A. Eloderus*^, E.R. Elores Castillo^°®, 
M.J. Elowerdew^*’^, A. Eormiea^^^, A. Eorti^^, D. Eournier^^^, H. Eox^^, S. Eraeehia^^, P. Eraneavilla^**, 
M. Eranchini^*’^’^®'’, D. Erancis^°, E. Eraneoni^^^, M. Eranklin^’, M. Eraternali^^^®’*^^*’, D. Ereeborn’^, 
S.T. Erench^^, E. Eriedrich^^, D. Eroidevaux^*’, J.A. Erost^^**, C. Eukunaga^^?^ p Eullana Torregrosa*^^ 

B. G. Eulsomi44^ j pusteri'’^ C. Gabaldon^^ O. Gabizon^^^ A. Gabrielli^o^’^Ob^ ^ Gabriellii33a.i33b^ 

S. Gadatsch^*^^, S. Gadomski^^, G. Gagliardi^*^®’^*^’’, P. Gagnon^^, C. Galea^°^, B. Galhardo^^^®’'^^^^, 

E. J. Gallas^^o^ g j Qallop^^i^ p Gallusl2^ G. Galster^^, K.K. Gan“i, J. Gao33>’.85^ Y.S. Gao^44,^>^ 

P. M. Garay Walls^^, P. Garberson^’^, C. Gareia^^^, J.E. Gareia Navarro^^*, M. Garcia-Sciveres^^, 

R.W. Gardner^\ N. Garelli^^^, V. Garonne^°, C. Gatti^’, G. Gaudio^^^^, B. Gaur^^^, E. Gauthier^^, 

P. Gauzzii33ad33b^ J L Gavrilenko‘’^ C. Gay^®, G. Gayeken^i, E.N. Gazis^°, P. Ge33d, ^ Geese^'’^ 

C. N.P. Geei3i, D.A.A. Geerts^O’, Ch. Geieh-Gimbel^i, C. Gemme50^ ^ Genest^^, S. Gentilei33ad33b^ 
M. George^^, S. George’^, D. Gerbaudo^^^, A. Gershon^^^, H. Ghazlane^^^'’, N. Ghodbane^^, 
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B. Giacobbe20^ S. Giagu^33a,i33b^ y Qiangiobbei^, R Giannetti^24a,i24b^ p Gianotti^o, B. Gibbard^^, 

S.M. Gibson’^ M. Gilchriese^^ T.P.S. Gillam^^ D. Gillberg^o, G. Gilles^^, D.M. Gingrich^-^, 

N. Giokaris^, M.P. F.M. Giorgi^°®, F.M. Giorgi^^, PF. Giraud^^’, D. Giugni^*^, 

C. Giuliani^^, M. Giulini^^’’, B.K. Gjelsten'^^, S. Gkaitatzis^^^, F Gkialas^^^, E.L. Gkougkousis^'^, 

L. K. Gladilin^^, C. Glasman^^, J. Glatzer^°, PC.F Glaysher^^, A. Glazov^^, M. Goblirsch-Kolb'*’^ 

J. R. Goddard’^, J. Godlewski^^, S. Goldfarb^^, T. Golling^^, D. Golubkov^^*^, A. 

R. Gonfalo^^®^, J. Goncalves Pinto Firm!no Da Costa^^^, L. Gonella^\ S. Gonzalez de la Hoz^^^, 

G. Gonzalez Parra^^, S. Gonzalez-Sevilla^^, L. Goossens^°, PA. Gorbounov^^, H.A. Gordon^^, 

I. Gorelov^®^, B. Gorini^°, E. Gorini^^^’^^*’, A. Gorisek^^, E. Gornieki^^, A.T. Goshaw^^, C. Gbssling'^^, 

M. I. Gostkin^^, M. Gouighri^^^^, D. Goujdami^^^‘^, A.G. Goussiou^^^, H.M.X. Grabas^^^, E. Graber^^, 

I. Grabowska-Bold^^^*, P Grafstrbm^®^’^®’’, K-J. Grahn^^, J. Gramling"^^, E. Gramstad^^^, 

S. Graneagnolo^^, V. Grassi^^^, V. Gratehev^^^, H.M. Gray^*’, E. Graziani*^^^, Z.D. Greenwood^^’", 

K. Gregersen^*, I.M. Gregor^^, P Grenier^^^, J. Griffiths^, A.A. Grillo'^^, K. Grimm^^, S. Grinstein^^’°, 
Ph. Gris^^, Y.V. Grishkevieh^^, J.-E Grivaz^^^, J.P Grohs^'^, A. Grohsjean^^, E. Gross^^^, 

J. Grosse-Knetter^^, G.C. Grossi^^^^’^^^'’, Z.J. Grout^^*’, E. Guan^^'’, J. Guenther^^^, E. Gueseini^^, 

D. Guest^’^ O. Gueta'^^, E. Guido5°“’5°^ T. Guilleminii^ S. Guindon^, U. Gul^^, C. Gumpert^^, 

J. Guo^^®, S. Gupta^^*^, P Gutierrez^^^, N.G. Gutierrez Ortiz^^, C. Gutsehow^^, N. Guttman'^^, 

C. Guyot^^v^ Q Gwenlani^o, C.B. Gwilliam’^ A. Haas“°, C. Haber^^ H.K. Hadavand^ N. Haddadi^e^, 
P Haefner^^, S. Hagebbek^^, Z. Hajduk^^, H. Hakobyan^^^, M. Haleem^^, J. Haley^^^, D. Hall^^*’, 

G. Halladjian^°, G.D. Hallewell*^, K. Hamaeher^’^, P Hamal^^^, K. Hamano^’*^, M. Hamer^^, 

A. Hamilton'^^®, S. Hamilton^^^, G.N. Hamity^^^‘^, PG. Hamnett^^, E. Han^^'’, K. Hanagaki^^^, 

K. Hanawa'^^, M. Hanee^^, P Hanke^^^*, R. Hanna^^^, J.B. Hansen^^, J.D. Hansen^^, PH. Hansen^^, 

K. Hara^^\ A.S. Hard^’^, T. Harenberg^^^, E. Hariri^'^, S. Harkusha^^, R.D. Harrington^^, 

PE Harrison^^^, E. Hartjes**’^, M. Hasegawa^^, S. Hasegawa^®^, Y. Hasegawa^'^^ A. Hasib^^^, 

S. Hassani^^’, S. Haug^^, R. Hauser^'^, E. Hauswald^^, M. Havranek^^^, C.M. Hawkes^^, 

R. J. Hawkings^*^, A.D. Hawkins*^, T. Hayashi^®^, D. Hayden^**, C.P Hays^^°, J.M. Hays^^, 

H. S. Hayward^^, S.J. Haywood^^\ S.J. Head^^, T. Heek^^, V. Hedberg^\ E. Heelan^, S. Heim^^^, 

T. Heim^^^, B. Heinemann^^, E. Heinrieh^^°, J. Hejbal^^^, E. Helary^^, M. Heller^®, S. Hellman^^^^’^^^'’, 

D. Hellmieh^\ C. Helsens^*^, J. Henderson^^°, R.C.W. Henderson^^, Y. Heng^’^, C. Hengler^^, 

A. Henriehs^’^, A.M. Henriques Correia^*^, S. Henrot-Versille'^^, G.H. Herbert'^, 

Y. Hernandez Jimenez^^*, R. Herrberg-Sehubert^^, G. Herten^^, R. Hertenberger^*^*’, E. Hervas^°, 

G.G. Hesketh’^, N.P Hessey^*^’, R. Hiekling^^, E. Higon-Rodriguez^^^, E. Hill^^°, J.C. Hill^^, 

K.H. Hiller^^, S.J. Hillier^*, I. Hinehlitfe^^, E. Hines^^^, R.R. Hinman^^, M. Hirose^^^, 

D. Hirsehbuehl^^^, J. Hobbs^^^, N. Hod^°’, M.C. Hodgkinson^^*’, P. Hodgson^^®, A. Hoeeker^*^, 

M.R. Hoeferkamp^*’^, E Hoenig^°*’, M. Hohlfeld*^, T.R. Holmes^^, T.M. Hong^^^, 

E. Hooft van Huysduynen^^®, W.H. Hopkins^^®, Y. Horii^°^, A.J. Horton*^^, J-Y. Hostaehy^^, S. Hou^^^, 
A. Hoummada^^^“, J. Howard^^*^, J. Howarth^^, M. Hrabovsky^^^, I. Hristova^^, J. Hrivnae^^’, 

T. Hryn’ova^ A. Hrynevieh'^^ C. Hsu^^^", PJ. ^ _q Hsu^^^ D. Hu^^ Q. Hu^^b^ x. Hu^^ 

Y. Huang^^, Z. Hubaeek^*^, E. Hubaut*^, E. Huegging^^, T.B. Huffman^^°, E.W. Hughes^^, G. Hughes^^, 
M. Huhtinen^^, T.A. Hulsing^^ N. Huseynov'^^’^, J. Huston‘’°, J. Huth^^ G. laeobueei^'^, G. lakovidis^^ 

I. Ibragimov^^^, E. leonomidou-Eayard^^’, E. Ideal^^’, Z. Idrissi^^^'^, P. Iengo^°‘^“, O. Igonkina**^^, 

T. lizawa*^^, Y. Ikegami^^, K. Ikematsu^"^^, M. Ikeno^^, Y. Ilehenko^^’^, D. Iliadis^^^, N. Ilie^^^, 

Y. Inamaru^^, T. Inee^°^ P. loannou^, M. lodiee^^^^, K. lordanidou^, V. Ippolito^’, A. Irles Quiles^^*, 

C. Isaksson^^^, M. Ishino^^, M. Ishitsuka^^^, R. Ishmukhametov^^', C. Issever^^*’, S. Istin'^^*, 

J. M. Iturbe Ponee^'^, R. Iuppa^34a,i34b^ j ivarsson^i, W. Iwanski^*^, H. Iwasaki^^ J.M. Izen^', V. Izzol°^^ 

S. Jabbar^, B. Jaekson^^^, M. Jaekson^^, P. Jaekson^, M.R. Jaekel^*^, V. Jain^, K. Jakobs^^, 

S. Jakobsen^*’, T. Jakoubek^^^, J. Jakubek^^^, D.O. Jamin^^^, D.K. Jana™, E. Jansen^^, R.W. Jansky^^, 
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J. Janssen^\ M. Janus'^\ G. Jarlskog^\ N. Javadov^^’^, T. Javurek^^, L. Jeanty^^, J. Jejelava^'^’'', 

G. -Y. Jeng^^^, D. Jennens^^, P. Jenni^^’*, J. Jentzsch^^, C. Jeske^^^, S. Jezequel^, H. J. Jia^^^, 

Y. Jiang^^*’, J. Jimenez Pena^^^, S. Jin^^®, A. Jinaru^^^, O. Jinnouehi^^^, M.D. Joergensen^^, 

P Johansson^^°, K.A. Johns^, K. Jon-And^^^^’^^^*’, G. Jones^^\ R.W.L. Jones^^, TJ. Jones^^, 

J. Jongmanns^^®, PM. Jorge^^^‘‘’^^^'’, K.D. Joshi^^, J. Jovieevie^^^, X. C.A. Jung^^, P Jussel^^, 

A. Juste Rozas^^’°, M. Kaei^^*, A. Kaezmarska^^, M. Kado^^^, H. Kagan^'^, M. Kagan^^^, S.J. Kahn*^, 
E. Kajomovitz"^^, C.W. Kalderon^^*’, S. Kama^°, A. Kamenshehikov^^*’, N. Kanaya^^^, M. Kaneda^*’, 

S. Kaneti^^, V.A. Kantserov^^, J. Kanzaki^^, B. Kaplan'A. Kapliy^', D. Kar^^, K. Karakostas"', 

A. Karamaoun^, N. Karastathis'"’'"^, M.J. Kareem^^, M. Karnevskiy^^, S.N. Karpov^^, Z.M. Karpova^^, 

K. Karthik'"', V. Kartvelishvili’^, A.N. Karyukhin'^*', L. Kashif'^^, R.D. Kass'", A. Kastanas'^, 

Y Kataoka'^^, A. Katre"*^, J. Katzy^^, K. Kawagoe^*', T. Kawamoto'^^, G. Kawamura^^, S. Kazama'^^, 
V.F. Kazanin"'^’'^, M.Y Kazarinov^^, R. Keeler'™, R. Kehoe™, M. Keil^^, J.S. Keller^^, J.J. Kempster’^, 

H. Keoshkerian^^, O. Kepka'^^, B.P Kersevan’^, S. Kersten'^^, R.A. Keyes*^, F. Khalil-zada", 

H. Khandanyan'^^^^’'^™, A. Khanov"^, A.G. KharlamovA. Khodinov^^, A. Khomieh^^^*, 

T. J. Khoo^^, G. Khoriauli^', V. Khovanskiy^’, E. Khramov®^, J. Khubua^"’ ', H.Y Kim^, 

H. Kim'4™’'4™, S.H. Kim'^', Y Kim^', N. Kimura'^^ O.M. Kind"*, B.T. King^^, M. King'''^ 

R.S.B. King'™, S.B. King'^^, J. Kirk'^', A.E. Kiryunin"", T. Kishimoto^^, D. Kisielewska^*^, F. Kiss^*, 
K. Kiuehi"’', E. Kladiva'^^'’, M.H. Klein^^, M. Klein^"', U. Klein™, K. Kleinkneeht^^ 

P Klimek'^^®’'^^'’, A. Klimentov^^, R. Klingenberg^^, J.A. Klinger^^, T. Klioutehnikova^", PF. Klok'"^, 
E.-E. Kluge^^®, P Kluit'"’, S. Kluth"", E. Kneringer^^, E.B.F.G. Knoops^^, A. Knue^^, 

D. Kobayashi'^^, T. Kobayashi'^^, M. Kobel™, M. Koeian'™, P Kodys'™, T. Koffas™, E. Koffeman'"^, 

E. A. Kogan'™, S. Kohlmann'^^, Z. Kohout'^*, T. Kohriki^^, T. Koi'™, H. Kolanoski'^, I. Koletsou^, 
A.A. Komar^^’*, Y Komori'^^, T. Kondo^^, N. Kondrashova"'^, K. Koneke^^, A.G. Konig'"^, S. Konig^^, 
T. Kono^^’“, R. Konoplieh""’", N. Konstantinidis’^, R. Kopeliansky'^^, S. Koperny^^®, E. Kdpke^^, 

A.K. Kopp"'^, K. Koreyl^^, K. Kordas'^^, A. Korn^^, A.A. KorolI. Korolkov'^, E.V. Korolkova'™, 
O. Kortner"", S. Kortner"", T. Kosek'™, V.V. Kostyukhin^', V.M. Kotov^^, A. Kotwal™, 

A. Kourkoumeli-Charalampidi'^^, C. Kourkoumelis^, V. Kouskoura^^, A. Koutsman'™^*, 

R. Kowalewski'™, T.Z. Kowalski^^®, W. Kozaneeki'^’, A.S. Kozhin'^", V.A. Kramarenko^^, 

G. Kramberger™, D. Krasnopevtsev^^, M.W. Krasny™, A. Krasznahorkay^", J.K. Kraus^', 

A. Kravehenko™, S. Kreiss"", M. Kretz^^'^, J. Kretzsehmar™, K. Kreutzfeldt^^, P. Krieger'^^, 

K. Krizka^', K. Kroeninger™, H. Kroha"", J. Kroll'^^, J. Kroseberg^', J. Krstie'^, U. Kruehonak^^, 

H. Kruger^', N. Krumnaek^^, Z.V. Krumshteyn^^, A. Kruse'™, M.C. Kruse™, M. Kruskal^^, 

T. Kubota^^ H. Kueuk™, S. Kuday™, S. Kuehn™, A. Kugel^^^ F. Kuger'™, A. Kuhl'^^ T. Kuhl™, 

V. Kukhtin™, Y. Kulehitsky‘'2, S. Kuleshov^™, M. Kuna'™^’'™'’, T. Kunigo6^ A. Kupeo'™, 

H. Kurashige^^, YA. Kuroehkin^^, R. Kurumida^^, V. Kus'™, E.S. Kuwertz'™, M. Kuze'^^, J. Kvita"^, 
T. Kwan'™, D. Kyriazopoulos'™, A. Fa Rosa™, J.E. Fa Rosa Navarro™'', E. Fa Rotonda^™’^™, 

C. Eaeasta'^^, F. Eaeava'^^'*’'^^'’, J. Eaeey™, H. Eaeker'^, D. Eaeour™, V.R. Eaeuesta'^^, E. Eadygin™, 
R. Eafaye^, B. Eaforge*", T. Eagouri'^^, S. Eai™, E. Eambourne^^, S. Eammers^', C.E. Eampen^, 

W. Eampl’, E. Ean 9 on'^^, U. Eandgraf^^, M.P.J. Eandon^^, V.S. Eang^*'', A.J. Eankford'^^, F. Eanni™, 

K. Eantzseh^", S. Eaplaee™, C. Eapoire^", J.E. Eaporte'^^, T. Eari^'", F. Easagni Manghi™'*’™'’, 

M. Eassnig^", P. Eaurelli™, W. Eavrijsen'^, A.T. Eaw'^^, P. Eayeoek™, O. Ee Dortz™, E. Ee Guirriee^^, 
E. Ee Menedeu'^, T. EeCompte^, F. Eedroit-Guillon^^, C.A. Fee'™'’, S.C. Eee'^^, E. Fee', 

G. Eefebvre™, M. Eefebvre'^", F. Eegger'™, C. Eeggett'^, A. Eehan™, G. Eehmann Miotto™, X. Eei^, 
W.A. Eeight™, A. Eeisos'^^, A.G. Eeister'^^, M.A.E. Eeite™'', R. Eeitner'™, D. Eelloueh'^^, 

B. Eemmer™, K.J.C. Eeney’^, T. Eenz^', G. Eenzen'^^, B. Eenzi^", R. Eeone^, S. Eeone'™''’'™'’, 

C. Eeonidopoulos™, S. Feontsinis'", C. Eeroy^^, C.G. Eester^^, M. Eevehenko'^^, J. Eeveque^, 

D. Eevin™, E.J. Eevinson'^^, M. Eevy'^, A. Eewis'™, A.M. Eeyko^', M. Eeyton^', B. Ei^^'’’“’, B. Ei^^, 
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H. H.L. U^\ L. L. S. Y. Z. Liang^^s, H. Liao^^, B. Libertii34a^ 

P. Lichard^*’, K. Lie^^^, J. Liebal^^, W. Liebig^^, C. Limbach^\ A. Limosani^^^, S.C. 

T.H. Lin^^, F. Linde^*^’, B.E. Lindquist^^^, J.T. Linnemann^®, E. Eipeles^^^, A. Eipniacka^^, 

M. Eisovyi^^, T.M. Eiss^^^, D. Eissauer^^, A. Eister^^^, A.M. Eitke^^^, B. Eiu^^^, D. Eiu'^^, J. Eiu^^, 

J.B. Eiu^^’’, K. Eiu^^, E. Eiu*^, M. Eiu"^^, M. Eiu^^*’, Y. Eiu^^'’, M. Eivan^^^‘*’^^^’’, A. Eleres^^, 

J. Elorente Merino^^, S.E. Eloyd^^, E Eo Sterzo^^^, E. Eobodzinska^^, P. Eoch^, W.S. Eockman^^^, 

E.K. Eoebinger^^, A.E. Eoevschall-Jensen^^, A. Eoginov^’^, T. Eohse^^, K. Eohwasser^^, 

M. Eokajicek^^’, B.A. Eong^^, J.D. Eong*^, R.E. Eong^^, K.A. Eooper'^^ E. Eopes^^^^*, 

D. Eopez Mateos^^, B. Eopez Paredes^^°, L Eopez Paz^^, J. Eorenz^®*^, N. Eorenzo Martinez^\ 

M. Eosada^^^, P Eoscutoff^^, PJ. Ebsel^®*’, X. Eou^^“, A. Eounis^^^, J. Eove^, PA. Eove^^, N. Eu^^, 

H.J. Eubatti^^^, C. Euci^^^^’^^^'’, A. Eucotte^^, E. Euehring^^, W. Eukas^^, E. Euminari^^^^^, 

O. Eundbergi^^^’i^^'’, B. Eund-Jenseni'^^ M. Eungwitz^^ D. Eynn^^, R. Eysak^^^, E. Eytken^\ H. Ma^^, 

E. E. Ma^^‘^, G. Maccarrone^’, A. Macchiolo'*’^, C.M. Macdonald'^*’, J. Machado Miguens^^®^’^^^'’, 

D. Macina^*^, D. Madaffari^^, R. Madar^^, H.J. Maddocks^^, W.E. Mader^^, A. Madsen^^’, T. Maeno^^, 

A. Maevskiy^^, E. Magradze^^, K. Mahboubi^^, J. Mahlstedt^®^, S. Mahmoud’^, C. Maiani^^’, 

C. Maidantchik24% A.A. Maieri°\ T. Maier^°°, A. Maio^ 26 a,i 26 b,i 26 d^ S Majewski”^ Y. Makida^^ 

N. Makovec^'^, B. Malaescu^°, Pa. Malecki^^, V.P Maleev^^^, E. Malek^^, U. Mallik^^, D. Malon^, 

C. Malone^^^, S. Maltezos^*^, V.M. Malyshev^°^, S. Malyukov^*^, J. Mamuzic^^, G. Mancini^^, 

B. Mandelli^*’, E. Mandelli^^®, E Mandic^^, R. Mandrysch^^, J. Maneira^^^^’^^^’’, A. Manfredini^^^ 

E. Manhaes de Andrade Eilho^^’’, J. Manjarres Ramos^^°*’, A. Mann^°°, PM. Manning^^^, 

A. Manousakis-Katsikakis^, B. Mansoulie^^^, R. Mantifel^’, M. Mantoani^"^, E. Mapelli^°, E. March^^^^^, 
G. Marchiori^*’, M. Marcisovsky^^’, C.P Marino^™, M. Marjanovic^^, E. Marroquim^^®, S.P Marsden^^, 
Z. Marshall^^, E.E. Marti^’, S. Marti-Garcia^^*, B. Martin^*’, T.A. Martin'^\ V.J. Martin"^^, 

B. Martin dit Eatour^^, H. Martinez^^^, M. Martinez^^’^, S. Martin-Haugh^^^, V.S. Martoiu^^^, 

A.C. Martyniuk’^, M. Marx^^^, E. Marzano^^^®, A. Marzin^°, E. Masetti^^, T. Mashimo^^^, 

R. Mashinistov^^, J. Masik*^, A.E. Maslennikov^®^’'^, I. Massa^^®’^*’’’, E. Massa^*’^’^^*’, N. Massol^, 

P. Mastrandrea^^^, A. Masttoberardino^^^*’^’’’, T. Masubuchi^^^, P. Mattig^^^, J. Mattmann*^, 

J. Maurer^^^, S.J. Maxfield’^, D.A. Maximov^*^^’*^, R. Mazini'^^, S.M. Mazza^^®’^^'’, 

E. Mazzaferro^^^^’^^^'’, G. Me Goldrick^^^, S.P. Me Kee^^, A. McCarn^^, R.E. McCarthy^^^, 

T.G. McCarthy^^, N.A. McCubbin^^^, K.W. McEarlane^^’*, J.A. Mcfayden^*, G. Mchedlidze^^, 

S. J. McMahon^^\ R.A. McPhersonJ. Mechnich^°^, M. Medinnis^^, S. Meehan^^^^, S. Mehlhase^®'^, 
A. Mehta^^, K. Meier^^^, C. Meineck^®*’, B. Meirose^^, C. Melachrinos^\ B.R. Mellado Garcia^^^^^, 

E. Meloni^^, A. Mengarelli^®^’^*^*’, S. Menke^*^', E. Meoni^^^, K.M. Mercurio^^, S. Mergelmeyer^\ 

N. Meric^^’, P. Mermod^^, E. Merola^*^^^’^^^’’, C. Meroni^^^, E.S. Merritt^\ H. Merritt^^', A. Messina^®’^, 
J. Metcalfe^^, A.S. Mete^^^, C. Meyer*^, C. Meyer^^^, J-P. Meyer^^^, J. Meyer'°^, R.P Middleton^^', 
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